INTRODUCTION
The Southern Ocean is the oceanic region that surrounds the entire Antarctic continent, and consists of the southern extents of the Atlantic, Indian and Pacific oceans ( fig. 1 ). The Antarctic continent forms its southern boundary, and while the northern border is not physiographically fixed, it is usually considered to coincide with the location of the Subtropical Convergence (Lutjeharms 1985) . ]he unique geography of the Southern Ocean makes it the only place where ocean currents run completely around the globe. Dominating the region is the strong, deep, eastward-fl owing Antarctic Circumpolar Current (ACC) -often referred to as the "West Wind Drift" after the strong westerly winds that prevail between 40°S and 60°S sandwiched between the subtropical high pressure belt in the north and the Antarctic trough, which lies south of 65°S (Taylor et al. 1978) .
The Southern Ocean plays a major role in global ocean circulation and, in particular, on present-day climate. Extending unbroken around Antarctica, the ACC, is by far the largest conduit by which water, heat and salt are transferred between different ocean basins ( fig. 1 ). As these exchanges play an important role in regulating mean global climate, a better understanding of the physical and dynamic processes, which are responsible for the variability of the ACC, is highly important (Budillon & Rintoul 2003) . The surface flow of the ACC is driven primarily by the frictional stress of the westerly wind. Combined with the Coriolis force, a northward component to the surface current is responsible for the formation of frontal bands, which act as boundaries separating zones of uniform water mass. These fronts are a distinct permanent feature in the Southern Ocean. They are circumpolar but show a strong temporal and spatial variability in different oceanic sectors (Lutjeharms 1985) . Their positions are mainly determined by topographic steering of the ACC in combination with the global spatial pattern of wind fi elds, in particular the distribution of the wind stress curl (Nowlin & Clifford 1982) . Transects across the ACC show this current to consist of zones of several quasi-uniform water masses separated by fronts in which horizontal gradients of properties are relatively large. These broad 
FIG. I -Schematic map of the major currents in the Southern

SUBTROPICAL CONVERGENCE
The Subtropical Convergence (STC) marks the boundary between warm, salty subtropical surface water to the north and cooler, fresher sub-Antarctic Surface Water to the south ( fig. 2) . It is the most prominent surface thermal front with surface temperatures ranging from 10.3-16.9°C (Belkin & Gordon 1996) . Its mean position lies at41 °40'S (Lutjeharms 1985) . In the western part of the Indian sector it is one of the strongest fronts in the world ocean (Lutjeharms 1985) . In this region, the extension of the Agulhas Current, the Agulhas Return Current (Lutjeharms & Ansorge 2001) , strengthens the horizontal gradients of this front considerably leading to the formation of intense mesoscale eddies. These heat anomalies have been shown to have a marked influence on the overlying atmosphere and on local biota (Llido et al. 2005) . Recent investigations at the STC, using both satellite remote sensing as well as modelling (Llido et al. 2005) , have demonstrated the climatological importance here of primary production. It has been shown that primary production at this front occurs as event-scale blooms and not as persistent enhancement as was suggested previously (Weeks & Shillington 1996) .
SUB-ANTARCTIC FRONT
The sub-Antarctic Front (SAF) represents the northern boundary of the Polar Frontal Zone (PFZ) and marks the southern extent of sub-Antarctic Surface Water. In comparison to the STC, which is clearly characterised by a sharp and consistent gradient in both surface and subsurface expressions, making identification extremely easy (Lutjeharms & Valentine 1984) , the SAFis less clear in its surface expression. The exact boundaries of the PFZ c~ therefore be difficult to identif}rdue to the weak nature of this front. The SAF is predominantly a subsurface front and can be defined by the most vertically orientated isotherm within a temperature gradient lying between 3°C and 5°C, while its surface expression extends between 8°C and 4°e. As the surface expression is generally weak, the subsurface structure with the 6°C isotherm as its core is usually the preferred indicator. Despite its ill-defined surface expression, recent investigations (Swart et al. ms) have found that the SAF contributes over 30% to the volume flux of the ACe. The subsurface SAP axial indices remain fairly stable lying at a mean location of 47"25'S (Lutjeharms & Valentine 1984, fig. 2 ).
ANTARCTIC POLAR FRONT
The Antarctic Polar Front (APF) or Antarctic Convergence marks the northern limit of the Antarctic Zone where Antarctic Surface Water moving northwards sinks below warmer sub-Antarctic water masses. The APF is a region of elevated current speeds and strong horizontal gradients in density, temperature and salinity (Deacon 1937 (Deacon , 1983 
7he influence of the Antarctic Circumpolar Current on the oceanographic setting of a sub-Antarctic island
subsurface expression of the APF historically is identified by the northern limit of the 2°C temperature minimum at a depthof200 m (Whitworth 1980). However, the surface and subsurface expressions do not always coincide and are often approximately 50 km apart (Lutjeharms & Valentine 1984) .
In these instances the surface expression can be identified by the maximum temperature gradient between 6°C and 2°e. TheAPF can be further characterised by a shallow temperature minimum associated with the remnants of Winter Water, which lies at depths between 50 and 150 m. It is seasonally variable; in winter it is nearly homogenous extending to 250 m, while in summer the mixed layer extends only to between 50 and 100 m. Surface sea temperatures range from _1.8° to 6°C at the APE The APF has a mean location of between 52°S and 53°S (Orsi et al. 1995, fig. 2) .
Current measurements at the Drake Passage have shown the ACC to include an additional frontal feature south of the APF, called the Southern Antarctic Circumpolar Current Front (Orsi et a!. 1995) , corresponding to the position of the atmospheric low-pressure belt known as the Antarctic trough (Taylor et al. 1978) .
In this paper we present an overview of the ocean variability in the Southern Ocean, in particular the influence prominent bathymetry may have on ocean circulation. Using the sub-Antarctic Prince Edward Islands as a case study, we highlight how changes in the flow of the ACC brought on by topographical steering and eddy generation have a marked effect on the ocean environment of these islands as well as on the local distribution of biota (Bernard et al. 2007) 
VARIABILITY IN THE SOUTHERN OCEAN
Extensive investigations have been carried out in the past decades to understand the flow pattern of the ACC and the extent of its temporal and spatial variability throughout the Southern Ocean. A good correspondence between the increased surface speeds of the ACC and the locations of the three main fronts -the STC, SAF andAPF -seems to exist (Hofmann 1985) . A banded current structure clearly occurs within the ACe. Meridional excursions from the otherwise zonal flow in the form of meanders or mesoscale eddies occur in regions of prominent bathymetric features, suggesting a close relationship between the degree of mesoscale sea surface variability and bottom topography ( fig. 3) . Indeed, global charts of sea surface height anomalies in the world's oceans (Nerem et al. 1994) show certain persistent patterns in the Southern Ocean, with regions of high mesoscale variability correlating closely where the ACC interacts with prominent bottom topography such as the South-West Indian Ridge, Crozet and Kerguelen Plateaux and the Macquarie Ridge or at choke points such as the Drake Passage ( fig. 3 ). The importance these regional "eddy hotspots" have in influencing exchange between the Southern Ocean and adjacent ocean basins is currently the focus of many projects. This interbasin exchange provides an important link in the meridional: heat and salt fluxes that balance much of the ocean-atmosphere exchange. (Phillips & Rintoul 2000) and south of New Zealand (Bryden & Heath 1985) , as well as numerical model estimates Qayne & Marotzke 2002) show consistent eddy heat fluxes across the ACC with values ranging between 11.3 kWm-2 and 15.4 kWm-2 • Furthermore, these studies have shown that cold eddies exhibit a negative heat and salt anomaly relative to the ambient waters by transporting cool, low salinity, polar water northwards across the APF into the PFZ, while warm eddies offer the reverse with a positive heat and salt anomaly by their transport of warm, saline water masses southwards. The geographic distribution of such eddies is, however, very inhomogeneous. One such region that stands out as such an "eddy hotspot" is the South-West Indian Ridge centred at 30 0 E, 50 0 S (fig. 3) .
A CASE STUDY -THE PRINCE EDWARD ISLANDS
Sub-Antarctic islands such as the Prince Edward Islands (Marion Island and Prince Edward Island) are classified as isolated, hostile, impoverished regions, in which the terrestrial and marine ecosystems are relatively simple and extremely sensitive to perturbations. They provide an ideal ecological laboratory for studying how organisms, ecological processes and ecosystems respond to a changing climate in the Southern Ocean (Smith 2002). Furthermore, these islands are seasonally characterised by enormous populations of top predators and subsequently any changes in the frontal dynamics, either in the vicinity of these islands or further afield, may have strong implications on their foraging behaviour as already shown from studies on the Grey-headed Albatrosses (7halassarche chrysostoma (Forster, 1785)) (Nel etal. 2001 
RE.
As a consequence, the Prince Edward Islands can be considered as biodiversity hot spots within the Southern Ocean, 'TIle necessary to sustain such large numbers predators is from the close interaction between the oceanic environment and the islands themselves, Changes in the intensity and geographic position within these frontal systems are likely to coincide with dramatic changes in the distribution of species and total productivity within the Southern Ocean.
'llle South-West Indian Ridge extends from the southwest to the northeast and lies to the immediate west of the Prince Edward Islands. As in the case of all mid-ocean it is criss-crossed fracture zones (figs 2, 4), such as Andrew Rain fracture zone at 50°5, 3o o E. The Prince Edward Islands lie directly east of the South-West Indian on a distinct and independent pinnacle that rises hom abollt 5000 m depth. 'Ihis is particularly dear to the whereas to the north it is somewhat complicated other seamounts that do not break the sea surface. To northeast lies an extensive shallow feature, the Crozet Plateau. A large part of this zonal rise is shallower than 2000 lTL fles Crozet lie on its easternmost extremity. It is dear that this complex pattern of ridges and rises ( fig.  2 ) forms important restrictions to the flow of the ACC resulting in enhanced variability ( fig. 3 ). I-Iydrographic data collected during the South-West Indian Ocean Experiment in 1993 and 1995 (Pollard & Read 2001) have shown that dose to the South-West Indian Ridge the ACC splits, and further to the east there appears to be a distinct separation in these branches with the SAF deflected northeastwards, thus widening the PFZ by up to SO of latitude. Modelling results (Craneguy & Park 1999 ) have also indicated that of the SAF and APF, and thus the degree of are dependent on the velocity at which the ACC the South-West Indian Ridge. XBT (Expendable Bathythermograph) surveys between South Africa and the Prince Edward islands have shown that these islands (47"S, 37"E) are located within the core of the sandwiched between the SAF to the north and the APF to the south ( fig. 2) (Lutjeharms & Valentine 1984) . Deacon (1987) has postulated that the complexity of the ACC in the vicinity of the Prince Edward Islands results in an increase in the interchange of Antarctic ~nd sub-Antarctic Surface Water within the PFZ here. Furthermore, sea surface temperature data suggest that these islands may be influenced by the intermittent passage of both warm and cold core eddies from further upstream (An sorge & Lutjeharms 2003 , Ansorge et al. 2006 . The clear implication of this behaviour is that the Prince Edward Island region has an enhanced anomaly presence not so much because of the interaction of the flow with the islands themselves, as has been inferred previously (Ansorge et al. 1999 , Ansorge & Lutjehanns 2003 , but as a consequence of the fact that they are situated at the northern border of this region of unusually high mesoscale variability in the Southern Ocean (fig.
Indeed, previous investigations have shown that eddies generated at this ridge move northeastwards over a period of 11 months in a narrow corridor between 48-49°5 and 34--38°E before dissipating ( fig. 4) (Morrow et al. 2004) have shown that cold eddies following detachment from the APF quickly lose their sea surface temperature signature as a result of summer warming of the surface layers. Consequently the subsurface layer provides a better indicator of eddy origin. A horizontal section through the eddy at a depth of 200 m gives its dimensions and demonstrates the contrast between the temperature ofits core waters and that of the surrounding waters. The core of the eddy had temperatures of < 1 °C whereas the surrounding water was warmer than 3°C and corresponding salinity values between 34.121-34.135 are indicative of Antarctic water masses within its core. The eddy was not entirely circular, but had a mean diameter of about 220 km. This, and satellite altimetry, shows unambiguously that its waters had their origin south of the APE This is also evident from a vertical hydrographic section through the eddy (fig. 5 ). The observed temperatures to a depth of 920 m demonstrate the sharp distinction of waters in the eddy and those outside it. This was when the eddy was still fairly young and had not undergone much mixing with its environment.
The structure of Antarctic Winter Water is determined by seasonally changing air-sea interactions such as air-sea fluxes of momentum, heat, freshwater as well as the advection, formation and melting of sea ice (Park et al. 1998) . In winter it is nearly homogenous extending to 250 m, while in summer the mixed layer extends only between 50 and 100 m. Temperature ranges are large, from -1.8°C to 6°C at the APF, and salinity from 33.4-34.2. The close relationship with changing atmospheric conditions provides a unique imprint on the structure and character of Antarctic Surface Water and thus the random transport of this water mass across the APF by mesoscale eddies must be considered in understanding better regional climatic variability. At the base of the Antarctic Surface Water (AASW) lies Circumpolar Deep Water (CDW) characterised by relatively warm, salty and low-oxygenated waters. The most unambiguous demarcation between the AASW and the CDW is the strong oxygen gradient associated with a rapid decrease in oxygen concentration (Park et al. 1998) , separating the highly oxygenated AASW (>7 mil-I) from the oxygen-poor CDW «4 mil-I). Furthermore, a vertical salinity section across the eddy clearly shows a distinct shoaling of isohalines. Froneman et al. 2002 . In contrast, the euphausiids within the core region comprised \.Lt<vr~'UUjtU triacantha and E. frigid a) that the PFZ (Pakhomov & Froneman et al. and are typically associated with Antarctic water masses found south of the APF (Mauchline & Fisher 1 It is possible that the zooplankton found in rhe core of an eddy reHect the area where the eddy has been 1he presence of Antarctic species suggests that formed south of the APF, was able to retain and transport the euphausiid species that were distinctive of the front.
the potentially important role the complexity of the PFZ may play in the island few studies have been conducted in the region South-West Indian Ridge. Further investigations need to address what implications this unusual eddy street has on the marine of the Prince Edward islands. The PFZ is as 3 transitional region in which warm, sub-Antarctic water masses are gradually modified with distance south. In addition, it has been shown that the PFZ forms a sink for the formation of Suband Antarctic Intermediate Water masses Identified as a salinity minimum in the water column, these water masses mark the base of thermocline ventilation into the Southern Hemisphere and form a source of freshwater input into the world oceans, T11e with which these water masses are formed and is vital in maintaining the freshwater budget and thus the thermohaline overturni;lg of the world's oceans, "Inc introduction of an insular volume of a pure Antarctic water mass into the PFZ by a cold eddy may an role in the meridional biological flux across the the northward transport of Antarctic water masses across the ACC has been attributed variations in observed in the Southern Ocean and coarse resolution models do not accurately resolve the associated with these features neither do these isolated bodies of water have on the local ecosystem. Such changes in the character of the PFZ forced by the introduction of cold, fresh Antarctic water masses could dramatically affect the productivity of this region.
CONCLUSION
The meridional heat Huxe,s in the Southern Ocean are a key component for the accurate simulation of the global ocean circulation in models and in our ability to understand better interannual and decadal changes occurring in the Southern Ocean. If the assumption is correct that the greater part of this flux contes about through mesoscale eddies, then the quantification of the fluxes at those regions where the mesoscale turbulence is highest ( fig. 3) in the local marine and island ecology needs focused research. It seems possible that the ecosystem of the Prince Edward Islands benefits substantially from its location in the vicinity of the eddy street originating at the South-West Indian Ridge. Indeed, these eddies carry with them organisms from their region of origin suggesting that the surrounding waters of the Prince Edward Islands have a much more diverse spectrum of biota than one would normally expect from an island in the sub-Antarctic (Bernard et al. 2007) . Moreover, these and other eddies create unusual habitats of their own, particularly at their borders, This has become evident from the feeding behaviour of some birds (Nel et al. 2001) . The further study of this mechanism and its implications is being planned.
